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otandard references on airplane propeller chijracteristics are . .C. . 

Report ,/ 350 ( eick) and N.A. C. .. Report 431 (Hartman). 71 th increased 
engine powers, modern types of cowling, increased nu ber of blades, higher 
airplane speeds and greater engi ie-body diameters, there has been a growi g 
need for investigation to extend the range of these references, /hile full 
scale data are desirable it is difficult to obtain them because of the 
limited capacity in size and airspeed in existing .7ind tunnels. The research 
herein reported was undertaken in order to examine the practicability of 
making propeller tests on a scale model in the wind tunnel. 

The model was that of a representative high wing monoplane at one sixth 
scale. The odel was complete except for landing :eur and any protruding 
cockpit enclosures. The propeller diameter was 10/6 feet, the power was 
452 / 56 “ 12 horse power, the rated maximum revolutions per minute were 12,,030 
so that the linear velocities of the blade elements were equal to those of a 

anjvtU 1 < 

full scale propeller with rated maximum^ velocity of 2,000 R. P. . .. Since the 
lengths of chord of blade were one sixth full scale the propeller was operating 
at a Reynold's Number of one sixth the Reynold's Number of the full scale 
propeller. The blade form was exactly that of a Hamilton Standard 1A1-0 
propeller to one sixth scale. 

The tests made fall into two classe a. 

1. Production of working charts to determine the propulsive efficiency of 
two and tliree bladod pronellars at various blado angles, velocities and 
powers. 

2. Investigation of tho effect of slipstream on the performance and static 
longitudional stability of tho airplane at various an ’los of clinb and ’lidc. 
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Description of Apparatus 


The principal advantages of o powered model test over a full scale flight 
te^t are ease of control and facility in measuring the forces and moments developec 
In the wind tunnel, power output results are read on the external balance system 
as in a normal wind tunnel test. The ^.A.L.C.I.T. six component system is shown 
in v igure 1, Here, air velocity, geometrical angle of attack, thrust, drag, lift 
and moments are measured. The measurement of power input is more complicated and 
is accomplished by means of a revolution co nter and a torque meter. 

The revolution counting system, or timing circuit, shown in 7i~ure .3, consi3tc 
of a pendulum actuatod, multiple relay circuit which counts the motor revolutions 
over an accurate time interval of about ten seconds. The timing system was calib- 
rated for each run against a crystal controlled ac urate fifty cycle current. 

The location and functioning of the torque meter is shown diagrammatic ally in 
? ip-ure 2. The adjoining sketch shows the arrangement, used in the experiment, 
of an alternating current "heatstone Bridge for indicating torque. The torque 

being developed by the propeller is onposed 
in equal amount by the resisting moment 
in twist develooed by the torque bar. he 
angle of twist varies the position of the 
soft iron armature between the pole faces 
of coils (1) and (2), thus varying their 
impedance. The relative change in impedance 
is indicated in balancing the rid :e by 
means of the variable resistance. The 
reading of the variable resistance of the Tieatstone 3rid ; -e, in ohms is 
converted to torque, in kilogram-meters, by means of a ca . ibrntion curve 
constructed for aac run. 'his curve represents tre moan of calibrations made 
beforG ar„ .fter th run. The calibration is made by keying a bar of fifty 
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centimeters length to the stator and placing known weights in nans suspended 
from knife edges at each end. In this manner a known torque is niven in terms 
of resistance reading. 

Photographs, Fi ?ure 4., show views of the model, instrument t ibia, parts 
and torque calibration arrangement. 
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The first problem of th*- investigation vas th determination of the charan. 
eri3tics of two and three bladed nropellers, A plot of initial data obtained 
from two bladed nronellers, when compared with the full scale data recorded by 
-Veick in N.A.C.A. technical Report .^350, indicated sufficient agreement between 
model and full scale characteristics to warrant complete tests. 

If air were an incompressible fluid, if a degree of turbulence existed in 
the wind tunnel which was exactly that of the air in which the full 3cale air- 
plane was to fly, if propellers were made of infinitely rigid material of absol- 
utely smooth surface then we might expect to get results from wind tunnel tests 
which were fairly representative of geometrically similar full scale propellers. 
Fairly representative because there remains an element of uncertainty as to 
the effect of the presence of the wind tunnel walls on the Elow through the 
propeller. 

An enumeration of the factors wherein differences between model and full 
scale propeller characteristics might arise which we have considered are:- 

1. Scale or Reynold's Humber, rou'hness, turbulence. 

2. Blade deflection. 

a. 'ip losses - compressibility. 

4, "ind tunnel wall interference. 

5. Experimental error. 

Eeening these factors in mind let us consider the method of working up the 
data obtained. Tift, drag, and pitching moments were measured in the standard 
way by direct measurement of the forces transmitted through the model rigging 
to the automatic balances. Torque developed in the propeller shaft was recorded 
by a remote reading dynamometer. The revolutions of th 1 propeller were obtained 
by direct count over a time interval. 
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The indicate*, dra^wise force, i" the case of power-on, Is transited into 
a conbination of thrust nd dr g. It is apparent that the presence of the lip- 
8trea r over the nodal . ust cause some change in dr g. '"’his snail cnange in dra^ 
is nicely i 3oosed o" j including it el ebraically in the e^fc^tive tin t. 

I** ?e ts .e t'e differer a between the dr 1 - reading nower-G-. f?, and ts»* rdlsar* 
drag of the o*nl with t ■ ^ronoller off, Q , tea remai’ force .'h we cr 
cell effective thrust, -l ** t .e tr’ thrust .inus the ln^r- t ir iuf 1 to 

the propeller si tre ctinr over t v >1 
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T a x V is then the effective thrust horse ^ower being developed by the prope ler 
Against this power output is the "owor input represented by the tor ue ,,n " , 
multiplied by the rotation ‘1 velocity ?.rm". Efficiency is the ratio of power 
out to power in - i.e. T fi V m 

It is co venient to put thrust, torque, and velocity into dimensionless co- 
efficient'". Since t' e velocity in the wind tunnel is recorded in combination 
with air density as the dynamic pressure being developed in the working section, 
the orm T- T c p7^D is suggested, which can be written T- T c 2qD^. Likewise 

'X 

for torque, n iC 2qD . Velocity must he considered in the advance ratio of the 

O 

proneller, = — . The wind tunnel sensitive manometer records by calibrati 

nD 2 

against a pitot tube traverse of the work in ’ section of the tunnel. Velocity can 
be obtained from V« -/iq/p where r>, air density, is a function of temperatur 
and humidity of the air stream, barometric pressure, and gravity at the wind 

tunnel, £>cnn be gotten directly from T c and ._ 
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where J = - V— 


_ / J s 


zn Q c f 


nD 


Crp and Cn , which are sometimes convenient, are sircp'y T c J 2 and n c J 2 


Hartman’s coefficients Cq S and £t come out simply an -i- and £ 2 . 
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When tho experiment was begun it was the opinion that some kind of pre- 
liminary fairing would be essential in order to get smooth final curves. 
Therefore T c and Q c wore plotted against J, and points taken at even incroments 
of J to solve for ?? and C 3> V/hile this method produced smooth curves a very 
small displacement of the fairing caused comparatively large variations in 
peak efficiencies (1 - 2.o) . This method was discarded in favor of making a com- 
plete calculation for every experimental ‘ plotting tho point without 


preliminary fairin’; on the final curve sheet A This direct plotting of unfaired 
results was followed in every case except that of the three low blade angles 
of the two bladed propeller where it was necessary, due to blade deflection 
and tip loss, to fair ^ against J before the final plot. 

Having indicated the manr.er in which the propeller charts we^e made up let 
us return to a consideration of those factors which might affect extrapolation 
to full scale. 

Reynold’s Hun j or: Tho actual velocities of the blade elements were made 

equal to those of full scale by increasing the rotational velocity of the prop- 
eller six times (2,000 r.p.m. full scale vs. 12,000 r.p.ra. model). Axial wind 
velocities of 200 m.r.h\ and upwards are obtainable in the California Institute 
of Technology wind tunnel, honce the airspeed of full scale flight could bo used 
The irreparable difference in Reynold's Number lay in tho characterictic length, 
which of necessity remained at one sixth full scale. It should be noted that if 
the length of chord be used for the c .aracter istic le gth, the Reynold's Number 
of even a full scale propeller element is s all com r red to the eynolfl’s 
Humber of a full scale airfoil section as used in a wing. Research in the 
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There results a couple tending to raise t! a entering edge of the blade. The 
strength of this couple varies approxi .tely with the square of the air velocity 
over the blade element and linearly with its effective angle of attack. 

Tip Loss:- Inextricably bound up with blade deflection in our experimental 
data is tip loss. Our tip soeeds were those of full scale, ^oth British and Amer- 
ican experiments have shown, however, that at high tip speeds scale effect will 
be more strongly in evidence than at lower speeds. 

The plot of points foi 12°, 16°, and 20° blade angles, two bladed propeller, 

showed effects of tip speed and blade deflection. A special study was made of 

o 

these conditions for the 16 blade setting and is presented in Figures 6 & 7 . 

The 16° blade setting was chosen because the greatest variations in power and 
tip speed were obtained with this setting and the recorded data could be compared 
with a lower setting, 12°, and a higher setting 20°. it is to be noticed that 
only these thr> e lowest settings for the two bladed propeller gave such variations 
in experimental data as to require fairing independent from the final plot, the 
three bladed nropeller, having one additional blade lending its quota of work 
to provide a given thrust, showed insufficient scatter of points even at the 
lowest blade setting to warrant preliminary fairing. 

Returning to Figures 6 & 7, it can be seen that under the higher power load- 
ings the characteristic curves of the propeller move over in the direction to 
join the family of curves of the next higher blade setting. If one scales off 
the shift of the curve T c vs J in Figure 6, against the main interval between 
curves, 4°, an indication is given of the effective twist of the blade in terms 
of blade setting at the .75 radius. As the tip speed increases, however, the effect 
of increase of blade angle is gradually overcome by tip loss and the curve dross 
back again, to or beyond, the curve obtained from lower power loading. 

The question arises as to how the fairing of V vs J curves of Figure 7. 
shall be carried out under such circumstances in order to represent practically 
the efficiency of the propeller at the given blade angle. The method actually 
used ?ms something of a compromise. Below the peak efficiency ( and the region 
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In which tho pronoilor would ordinarily be working) the e v* 1 : o of the curves 
was t iken. "eic ns workod u^ a very comprehensive and co ^lete set of data 
on the correction of pronulsive efficiency for tip speed. ?he onvelo’e of eff- 
iciency curvos is our bent estimate of tee efficiency of the pro ellor without 
tir loos. A point tacen from the curve then in this region ay he corrected for 
tin loss lain: eick'3 full scale results in this connection. 

The region to the rig-.t of the peak and tho peak itself present a greater 
problem. .Reasonably the lower power loadings could be used nd a correction app- 
lied for power ( that Is- blade deflection due to po ;er loading , but lower 
power means lower forces actually measured and at small forces our experimental 
accuracy falls off. ..once the writers took arbitrarily a ■■■ mean of the 
points at the peac efficiency and beyond as being the beat representation of the 

actual characteristics of the nropeller at the given blade setting. The final 

data 


faired curve used in presenting the 
‘ind fkinnol ’Vail Interference : - 
v "lance at tho s:etch 


is shown dotted in 


igure 7. 




will indicate that free air 
conditions do not exist in 
tae wind tunnel, but that 
co: strictlon of t v e walls 


— \f (it a) 


V(l+h) 



x// . /y ,j . 

OS/STRA/fitr OF U/alLS pA tSE5 
Veloc/ty at Propeller 


on tho flow ive a name hat higher effective velocity to the air in vhi'h t \e 
proneller is wor.ti ru- wh^n compared to th t velocity were the propeller o oratin' 
in free air. Olauort (in R. . 1566) has developed a fairly accurate a’-rroxi to 
formula for this increase i velocity, 'lauert's fornule h’ s een u a ed to cavnute 
a correction for wind tunnel wall in' 'ference applicajle to our co iitlons. 
irure 8. shows this correcticr in *err.s of th^ t rust '^efficient T ; ^ivure 


shows the ranre of ^ used lr e e? eriment. * s evident t v at tills cor ection 


cn be s fely no 1 *cted a a It is we 1 within 


-.peri ntal error. 
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Experimental Errors 
Quantity 
Lift, drag 
Torque , Q 
Blade an^le 
Revolutions/sec. ,n 

Every effort was made 


Ran.~e of Measurement 
0 - 600 Kg. 

-.2 to + .7 Kg. M. 

12° to 36° 

50 to 250 r.p.s. 
to represent accurately the 


Probable Error 

oo,2^ 0 

rOOS- 

.005 nj.-n 

0?1 

0.2 r.p.s. 

actual quantities measured. 


Disoussion of Pro eller Data: - 

It must be noted that with the model’s thrust line horizontal the 
propeller was acting in front of a wing at a » 0.3. Assuming elliptical 
lift distribution , (with no distortion due to slipstream), and an upwash 
at the propeller ahead of the wing equal to .75 of the downwash at the wing, 
(the value of .75 was estimated from Glauert’s " Aerofoil and Airscrew Theory" 
page 152), it can be seen that the nropeller was acting in an upwash of 
75 -L o 

* x57.3 = 0.68 This corresponds to about a cruising attitude. 

7TAR * 

level flight, for the normal airplane. 

It must be noted also that the full length blade was used whereas in 
practice the blade usually has some of the tip length removed. Figure 10. 
shows the principal characteristics of the blade used. 

Figures 11. & 12. are two and three bl ided propeller, basic working 

eb’ttifhej fr,w> au** 

charts^ It must be emphasized that in computing C c for entering the three 

bladed propeller chart( Figure 12.) that full power should be used. 

Figures 13. - 18. present various conparisions of the data obtained. 

In order to ascertain the appropriutene s of applying the model data to 

full scale propellers a considerable amount of data on full scale proneller 

settings was obtained. The writers are indebted to the various airplane 

manufacturing concerns for their kind and helpful cooperation in this study. 

V 

When worced up and plotted on the proueller characteristic charts, the vs C s 
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points group surprisingly 1 ulonr the 1 3 of bo3t efficiency ns deter ined 

by the model tests (cf. Figures 13 u. 14 ). The blade angles differ considerably 
from those of the node! propeller but this may be expected from the differences 
in blade design and the amount of the tip of the blade romoved to meet design 
conditions. The flight tost data (cf. Tables 1-3) are included in this aper 
becuuse they were carefully compiled and should furnish good design information 
It should be noted that blade angles, , 3 , are taken at the 42” station in many 
cases instead of at the .75 radius as was done in the model experiment. 

A study of the flight test data and comparison with Figuros 13 & 14 will 
show that many of the points are special cases. Examples are two pitch prop- 
ellers at low pitch, and the same at high pitch where the propeller blade angle 
has been given full throw against a stop. 

Figure 15 compares the G.A.L.C.I.T. two bladed propeller results with 
those obtained by the N.A.C.A. The comparison is made with the data from 
Fuselage -6, (Figure 14), of N.A.C.A. Report // 350, which resembled our 
configuration better than any of the other configurations used by the N.A.C.A. 
in that it had a completely cowled engine. Unfortunately the fuselage is rect- 
angular in cross section and wing and tail surfaces are absent. The lower 
envelope of efficiency curves from the % A. L. C. I. T. date can be attributed, 
in the writers’ opinion, to the presence of the win'*, to different shape and 
relative size of fuselage, and to scale effect. In Figure 16 ,( comparison of 
two and three bladed characteristics), it is interesting to note that diff- 
erences ore not so great as has been generally assumed. 

Figure 17 shows that ' 7 eick’s recommended 70^ power absorption by a three 
bladed pronell,er as against a two bladed propeller is a good average assumption 
but that at higher advarce ratios the three bladed is operating under improving 
conditions. 

Figure 18 compares G.A.L.C.I.T. and N.A.C.A. curves ( fuselage 6 Figure 14 
Report 350) of Blade Anglos vs C g directly. 
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DATA ON PROPELLER CHARACTERISTICS C.L. Johnson 

4-24-35 

LOCKHEED FLIGHT TESTS 
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DATA ON PROPELLER CHARACTERISTICS : NORTHROP FUGliT TESTS 
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Airplane Characteristics Power-On 

Power Introduces another dlraonsion into wind tunnel 
calculations in that it is necessary to specify under what power 
condition the model is acting. However, of the infinite amounts 
of nower input which might bo investigated for every attitude of 
the airplane, only certain ranros are of nractical importance. 

In order to obtain an estimate of the range of mowers which it 
was felt desirable to investigate, a typical conventional airplane 
cor res non ding to the model was considered. The unner limit on 
power was taken as that corresponding to the maximum power available 
for euch a plane as a function of its velocity at sea-level. The 
lonor limit was taken S3 that corresnonding to the power required 
for level flight at sea-level as a function of velocity. In 
order that the results might be applicable to other normal olanes 
with somewhat different characteristics, the range of owers in- 
vesti -ated was considerably extended beyond these tv/o limits. It 
should be explicitly pointed out that the characteristics assumed 
for the full size aimlane are used only to determine the limits of 
cower investigated and do not enter into the determi nation of t'.e 
effects of power. In order to rresent the stability and pitcMng 
moment results, it was also r< cessary to assume a center of gravity 
loc tion relative to the mear aerodynamic chord. Thin was c v o en 
from t he full scale characteristics of the typical conventional 
aimlane mentioned ahovo. 


( 13 ) 


Ths typical airplane wag taken as the Lockheed 
Vega since its geometrical form, wing section, etc. correspond 
-fairly closely to those of the model. The followin'* full scale 
data were assumed: height, 1 ■ 5000 lbs.; center of gravity at 36^ 

of the mean aerodynamic chord and four inches above the thrust 
line, and maximum brake horsepower 550. 

From model tests v/ere taken: 

2 

Equivalent narasite area, p: 6.44 ft. 

Airplane efficiency factor, e: .09 
Maximum propulsive efficiency, ^ max : .825 
Blade angle at .75 radius, p: 30.3° 
devolutions per minute at maximum power, N: 1350 
The se data in combination with the physical dimensions of the mo’el to 
full scale gave, in Oswald's notation: (see NACA Report 408) 

1 3 - 3.23, l p - 777, l t - 11, A = 8.5. 

A table of thrust horsepower required against velocity was 
then mane up using sinking speed due to parasite loading w s ^,and 
sinkin speed due to affective span loading w 3gi at various velocities. 

Thrust horsepower available at velocity was determined 

Ry 

arpr oximatel v by Rt = — - ; -Rj and (3 to get C 3 ; -C 3 , v , to get Tho r . 

'"he standard thrust horsepower available r rd thru-ct horsc- 
- cr -r - ■ inst ’’’ curves were trahs.sut ad to a form suitable for wind 
tunnel "o:i . Th" ordinate, power, vis , , 7 , and C s , became J; and 
the sc Is sc 1T vis ly, and Cl became ( . u = wind tunnel an *le of 
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attac t ) . 


The convention/il thrust horsepower avail'-* In and required 
curves are siora in fi mre 19. The'-e two curves converted to a 
forn si it able far wind tunnel work: are represented in fipure 20. 

The appropriate wind tunnel "q" was determined by 
examinin' data of ? c oralnst J from previous wind tunnel runs. 

-v vertical traverse was made across the power curves 
usirr "n" as the controlled variable, as indicated in firure 20. 
or example, at a wind tunnol anqle of attacx of +2° a wind tunnel 

~.tt2 

velocity correspond nr to q - -c— - 10 grams per square centimeter, 

2 

v.-as used, and the x-evolutiono per second of the model propeller were 
varied in seven equal increments from 60 to 112 r.p.s. It is 
eviient then that all nower conditions, from that somewhat under 
the nower requ ired for level flight, to that correspond ng to 
somewhat more than maximum paver outnut, were covered. This was 
the laboratory procedure for the power-on condition. 

The effects of nower on lift, dra>-, and pitching moment 
were desired, in order to furnish information on free flight 
nerf ofnafice jet&bi litv, and control characteristic o of ui^h v/inq 
monop 1 nes. 

effect of r ower on Lift, Dm r, ard T^rfomnnco 

In or Inr to 'ive a astir factory discussion of t. is 9U act, 
it is necessar - ' to analyze the problem somewhat mor closely than 
i c c stor ary. lt« t is in view, lot us consider an airplane in 
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climbing (or ’lidirr) ' noocelersted flight . The forces acting 
in the direction of the flirht path maybe split up into a thrust, 
a drag, and a gravity force as shown in the accompanying diagram . 



where 

T = component of thrust in the direction of the flight path, 
D = drag, 

9 = angle of climb , 

\'l « wei ght , 

7 = velocity alon- the flight path. 

The equilibria condition is 


1) D + 71 sin 9 =» T 

The precise definition of D and T has not yet been -lv^n. 
However, before discussing this question, let us first transform 1) 
to a more familiar anu convenient form. Multiplying by 7, era -spin’ 
T in terms of brake horsepower P, and a nropellcr efficiency -n , 
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and iatrO'tuclr"' the dra coeffi cl ent , O , • " o' t*l£- 

Z) C d (j, J) q C v ♦ 7 sin 0 . V =- P 7? '( , J) 

where the variables upon which Cq and y* ay dep *ml have been ex- 
plicitly indicated. It will be noted that equation 2) is Ju^t 
the usual performance equation. 

7e have Just stated that the nrecise significance of 
D and T in 1) had not yet been qiven. This means tb t in 2), 

Cq and y * have not yet been exactly defined. Actually wo nay de- 
fine either one in a rather arbitrary fashior, the other is thon 
determined by the fact that the forces nui^t be in equilibrium, i.n. 
equation 2) must be satisfied. 

It han been customary in tho past to define Cr>U,J) 
by equating it to Cp 0 (a) which is tho dram coefficient of the uir- 
nlanc without arop©ll f ' r . Then in ordor that 2) may he sati’-fied, 
the prone Her efficiency y*(> , J) should bo replaced by a prop> lsive 

efficiency 7? ( ,J) determined from wind tunnel tests on on airnl me 

or model with nroueller running, and for all pertinent values of 
J and . 2) would t:ien take the form 

3) Cp 0 ( 1 ) q 3.7 + '7 sin 0 • 7 - P y ( ,J) 

Practicallv all propulsive efficiency investigate on-<? in 
the Tvi 3 t have been restricted to tho oas* 1 of ?ero irclination of t, e 
thrust atis, **o bh> t th r> dep ndcnce of y on J is well kro'Ti, vi hilo 
its der >ndenco on has been verv little discussed. It as one of 

the essentLnl aims of the present series of tests to furnish data on 


( 17 ) 


t us variation of propulsive efficiency "4th thrust axis inclination. 


The data so obtained could be presented tn the form of a series of 
normal propulsive efficiency ’hart" each corresponding to a definite 
value of a or thrust axis inclination. however, the complications 
introduced into normal performance c*lculati on-- , through the neces- 
sity of uaina such a family of propulsive efficiency charts, would 
be so overwhelming that it is very doubtful whether the data would 
be of any practical service. An entirely different method of pre- 
sentin'" the results, based on a rathe” different point of view with 
respect to the performance equation as been suggested by Dr. Clark 
B. d'illikan, and gives the data in suer a form that the designer 
can use them in performance estimation without any essential modi- 
fication to the normal calculation rocedure. 

In introducing this new method we return to equetion 2) 
and replace y'(u,J) by a propulsive efficiency J^o^) which is 
determined from measurements at zero inclination of the thrust 
axis, i.e. 0 is just the propulsive efficiency which is customarily 
given in the standard propeller charts. Then in order that 2) 
may be satisfied, we must replace Cr> by an effective dray coefficient 
Cp^, 30 that the performance equation now takes the form: 

4) C De (u,J) q S-V ♦ ’? sin 0 * V - P p 0 (J) 

( > 'ote that at zero inclination of the thrust axis, 
equations 3) and 4) are identical, i.e. y ~ ^ and Cjy - C~ o 1 . 

''ith this equation, performance is calculated in exactly the normal 
manner, usinr the standard propulsive efficiency charts, the only 
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•no ^ificatl c - n. ■ t ^ , od instead of Cp 0 . ’’e shall re- 

turn Inter t 1 jIscus^op of how this modification is accom- 
plished and ah- 1 see thnt no considerable additional labor is 
rocr- irod. « lust first, however, investi-ate the manner in which 
Cd c nay be determined from air wind tunnel tests. 

In the accompanying diagram, the forces In the direction 
of the relative wirki which act on the model mounted in the wird 
tunnel are indicated. R is the result ant force exerted by thp nodei 
V / / / / / / / / / / // // // LL / LLLLJJLL t/ 1 ' 

p > 

7777777777 TTTTTT7-7-7 thTJTTTTTTTTTT. 

exer ts oq modeJL is R, taken as positive in ti e direction 

of the thrust. The diagram, which has been drawn with all forces 
■positive, is exactly analogous to the rreviou3 free-f light diagram 
excont that the wind-tunnel diarrem corresponds to a case in w v ich 
T < D, i.e. to an aimlano in gliding rather than climbing flight. 
The condition that the forces be in equilibrium leads to the equation 

D = T + R, 

or multiplying bv V and defining the dray coefficient and pro- 
pulsive efficiency exactly as in 4): 

5) C De U,7) q. S V - R 7 - P y 0 (J) 

lo .Perin’ with 4), 7/e see that the wind tunnel and free-fli *ht 
equations are identical if 

6) R - -V sin 9 


on the dray riggin-y, 
taken aa positive in 
the direction of the drag 
force. Hence the external 

i 

f*nvf*f* w h 1 oh thp d*rn.r 
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This means that the resiltr” t 


exerted by the dra/~ balance on 


the mo 'el plays exactly the vole in the wind tunnel as does 

the ccnponent of the r~ravit: r wreo alon* the flight noth in un- 

accelerated free fli:ht. If f 'eter ine values of Cr* in the wind 

6 

tunnel for a series of values o , the former are identical with 
the values of CD e in free fli -ht. for the corresponding values of 
77 Sin e. 


three independent parameters . 1, and ?, However, it is easy to 
see that only two are independent dividin' 5) by q J V and lntro- 


3ut , at a -iven a, Cr i3 a function only of 1, i.e. J = J( , Gr „ 
Hence, introducing torque and revolutions per second, 


It is convenient to replace the variable a by the lift coeff^ 

since the latter is the essential parameter In the free fli -at t 
If we define the lift as the resultant aerodynamic force n ernenu 1 , 0 • h ■ 
to 7 (including any contribution frera inclined thrust) then the • nd 
tunnel neasurenents ’ive a = a(CjJ, (cf. Hiy. 22), Hence we oh t, m. 
the iinal equation for the determination of 


It appoars now that -'0 mat determine Gc e as a function of 


ducinq the coefficient of resultant force Cr = *VqS we obtain 
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Cl* Cp, , p , and J are neaaired In the 'lnl tunnel, 1^. and S 
are known, and y 0 (J) 13 obtained from . rop lsive efficiency charts 
corresoor.di n • to zero tl rust inclination. 

It nov only remains to express Cp in tarns of a para eter 
havin'* a significance in free flight. If we follow the definition 
wiven above and take L as the resultant aerodynamic force neroendicular 
to the relative wind (flight oath) then we see from the first dia- 
rni of this section that for unaccelerated, rectilinear fli *’ t 

L » "l cob 9. 


Conbinin ■ with 6) 

Y = - tan 9, 

or finally 

3) Cp = - 0^ tan 9. 

'loner* our* win tunnel observations finally ^ive 
9) C Dn - 0 Do (C,.,S) 


r * T V conn lots results m?" then be expressed in the f r m of a family 
of ool'u' 0 of Cp Q vs. Cp, each polar correspond in t to a constant an *le 
of cl in (or '’lido) 9. There Dolars will hav Q sonerhat th c. nr ct°r 
of t ose in t y o acco pnnvia" s r tc , uossessin’ * connon intersection 
ct t .c Cp corresponding U zero tlirnst axis inclinutioi, which will 
somall” be near t hi -h speed attitude of the airplane. 


(Cl) 


"'e return finally to the 



b© us^d in performance analyses. Fol- 


efficienoy factor e by the equation 


lowing rc, «s Id Y/e cmy define the airplane 


question of now 3uch data can most easily 
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where e is chosen so as to deteimine as nearly a constant value of 
Cpp as is possible over the flying range. How since all of the polars 
will normally intersect close to the axis, = 0 t will be 
practically the same for all, and the effect of variations in 9 can 
be taken into account by varying e cnly. This means that v?e may 
present all of the wind tunnel data pertinent to normal performance 
calculations by living 


Performance calculations may then be carried out in the conventional 
manner except that for any particular angle of climb the appropriate 
value of e, and hence of span loading, must be taker. 

Before proceeding to a discussion of the experimental results 
in the light of the above considerations, it might be pointed out that 
tie angle of climb as introduced above appears to be the most satis- 


11 ) 


e ■ ©(9). 


factory dimensionless parameter which can be found for describing the 
condition of power output under which an airplane is operating. Hot 
only the performance characteristics of this section, but also t v '‘ > 


stability and control results o' the next are presented in t^ns of 
t iia oonvar lent mr>r otor b. 

fho experlrrmtol lift and drap results are -iven in i -3 . 21 
and 22. 'i Zt shows that t\e ad 11 ti on o f tower ha f 
c an -a in t'e convo:. t ionLd. ,r olr.r c 1 rvc c.t low lift coofficJont 
i mi ht expect -°n extension to hi ’or lift "ooffici nts hie 

to (1) liftvlae force -ei era tea by t)io nrorollor w.non inclined to tie 
fro© uir stream velocity, mid (2) the effect of t'e ir crease in velocity 
of the air stream ovor the contor of the win- in lel'-yir* t lie bre-V- 
! o-ni of flom (This nay be considered as du° to th" rcourin : action 
o' the accelerated flow on repions of incipient break down of flow 
as in the interference dra- repion at the intersection of wir. ; and 
fusel ™). In v i - . 21, power conditions other than thnt for level 
flight are onitt^d for claritv. They coincide, nracticdly iden- 
tically ’■•'th t ha lovel fli-ht curve r-ivei , up to the point where t e 
po'a-r-on olar d Quarts from the nower-off (no propeller) nolar. 
eyon V ic point increasin'- deficiencies in nower corresuondin - to 
increasingly steeper pi in in, " nnth3, cause the nower-on polar to n T '- 
nno°ch the norer-off lolar more and more clo^el 

’i 2° shows the affect of now t on the lift a -ainst an -le 
o attao .mu'vp, The velocity c rve for th* opw il ibrlum con lit ion of 
fli ht i s" tori mno‘:ed r a’ it is interestin' to note t .t the velocity 
at stullir , ad aj. •=■( for landin' at a ~iv^n attitude. i^ r ducod y 
nn ut A mil's ipr hour in t r no ,r, er-or. con ,, i tion, 

The nn'Ctioal r p s Its o“ thii uortioa of t .c i vc ti -ntior 
arc, t^er , that for hi 'h 

( 22 ) 
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wing nonorlsnes similar to tint lr /■* f -e t-r , rower-on incre; sen 
Ct quite noticeabl’ , while e, a’ or- ok, r..- -r be talon -in Moutienl 
with e, rower-off, for performance c-'JLculations. 

Jffect of Power on itching "orent , tit ic ho n,g i tu d 1 n r 1 t • bi 11 ty , 

and lie vat o r If f ^ f j von. sg 

Pitchin* nonont coefficimts about the csumocl ©.■ ^o^ition 
ware detomined i the usual manner from the observed nto i r * 
moment about the 'jxis o r ‘ rotation of the model, the lift force, m.d 

the resultant dra' T force P. ^iv . 23 shows the effect of no 1 Mr on t ^ 

nitch ing mcnent vs. lift curve. Tho definite destabi lie. in- effect 
is aprarent. In the case of the wing juid fuselage alone, as /ell r v 
that of the complete model, the slope of tho moment curve hes been 
riven a positive increment by the addition o£ sower. The effect of 
vor"in~ derreos of paver is shown in tho curve for the c mrl 'te mo e] 

contours are drawn in for tan 0 = 1.03, 1,10, etc. , in ©quol incre- 

ments. It appears desirable to extend the study t" tho case of the 
idlin' - nropeller where the rower is negative, i.e. © bracin' now© r, 
’"hich would involve developing a negative tornue esusl to the frictlor 
torque of the idling engine (itself a rather variable quantity). 
Povelonin- and recording a negative torque wa3 quite feasi >le wit 1 
our arraratus but involved oueratin* - elays which would have drawn 
out further an already extended investigation. 

Fig. P.4 .nows the offoct of nower on the effectiveness o’ 
the elevator. It is seen that the effectiveness of this control at 
all "up" angles, and at the largor "down" angles, is enhanced by the 
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The • dditlon of t o one ratin' n ’o , o * l 1 -'r to v ir o 
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stability. 


"othinr thus far has been said of the rotntin ; character 
of the flow behind the nrowller. Unfortunately f i f ficalt ies in 
technique and lack of tine prevented en investigation in this 
directi on. 

■In effort v;as made to unearth sone satisfactory icthod 
of predicting the slipstream effect on longitudinal static c 'tnbility. 
The technical staff of the Curtiss Company sono peers a -o 
combined cont&mporar j theory and 3ome ernnirical nropeller formulae, 
in order to express the change in an~le of attach at the tail 
surface for various paver conditions. Tnowin~ the change in effec- 
tive angle of attach at the tail and the increase in velocity du a 
to slipstream, the chan-e in lift on the horizontal surfuce can 
be estimated and hence the change in pitching moment. (See Curtiss 
’deport '2721 ’’Slipstream Effect on Tings and Tailplane", "in. "ill.- 
In applying this method, some assumption as to the portion 
of the horizontal tad 1 surfaces effectively within the sliostream 
should certainly bo i ocoruorated . Estimated changes in moment by 
this method whon aaplied to the mo 3 el tests of this renort showed a 
rattier generous margin of conservatism. 

A second method suggests itself. \ tail effectivoness 
analysis such as that ^iven by "r. d 1 . . "illikan in his course in 

Aerodynamics of the .hirnlsn^, can be used with an arbitrary cor- 
rection to the tail efficiency factor, yt* to allow for slipstream. 
The arbitrary correction can be found by reference to standard tosts, 
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oo '/er-oi, in the vlod tunnel for t t o? of ’"■l'lno in r j n 
f in ennsnrs a ver f '\ tv ro:1rrrt'’ -’et od o n correctin' for - lioftr 1 ? . 
effect, but it cm *-e need to *ive the denlTior ;t 1«* t no id; 
of t ' e truth. 

The 'r't 1 od of tail noneut entimtlon nay be nurcnar iz^d 
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fo.-tder the difference of r m lo of attic - ; "or zptj lift f tn’l nr.d 
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assumption above. 
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Tor* the nit chi nr: moment of the complete airplane in made up of th-’t 
o° t.‘ 11 and of another term primarily that of ’'’in'* and fuselape hut 
1 ol’iha: nil other factors. 
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and fpt will account for effective velocity at the tail, and other 
r> i' xx) r o such as that o 1 ' the assumption of winy clownwash at tne tail. 


It .vill >e not, >3 * h'i t the ter: o ntuinin.* 3 in the 


oxore3sior derived n'-'ov 3 for sitchin’ mo *nt duo to + nil in co.n- 
troll >d by t'o nilot .vith a stabiliser or tr 1 min' tr :• j t f, nt, 
bit t’flt the nultinlioativo factor'', — the tail volume cooffi i''nt, 
L A , nni.within narromrrli r.i * n t tail offi l ncy, rp%t — arc :.',ro’ ' 
by the eni -ir r. 

I-ifieroi ti'-tirf the te.il ^o lent e -- sion ith rfT^ct tr 

C L '" p ’at 


y t can t v 0 n bo determined by ,rnphical s elution on C-- vs. currcr 
for any op ’ratin' ran^o desired. This can bo done for the ordinar r 
~in 1 tunnel mold / ithout oroneller and then an an oronri ate c^rro^t.o 
anpli’d for oouer-on f, r the t ne of plane and jositioj o'’ tail. 

The correct on ras be estimated by roferonco to nower-on to-t 3 of 
no lels of similar t^nsa. 


a*ni t for various conditions more determined f *raphlcally , and 
the tail efficiencies computed. For our lodcl 
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In our experiment the slopes of the tail moment c irves 
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Power-on, Cl ronsje for nnmal f 1 1 -fit 
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Towcr-on, entire ranre of Ct, mean valuo , 
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Fence if nerc determined from an ordinary wind tunnel 
model of the airpl me tyoe used in this oxneriment , it should be re- 
duced 0.04 in order to onproximate power-on effectiveness. 

A comnari son of the individual contributions of the winn 
and fusela-e n3 a unit, and of the tail, to the destabilised condition, 
ncn^r-o , is of Interest. 
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w ich indicates that the win* find fuselage, and the tail, have shared 
almost era al 1 r in reducing the Ion 'itw dj. nal static stability. 

The writers feel tht in this roaeorch problem of power 
effects on a hi ’h win * monoplane, the field of power-on investigation 
has been barely touc ed. The model use 1 can be readily converted to 
low win*, and there is. in rrocess of non* if ucture, a tail on which the 
horl '.ontol surface con be displaced vertically ns well as having 
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adjustable stabiliser incidence, elevator an*le, and tab angle. 

It Is hoped that the next class of graduate students in aeronautics 
at the California Institute of Technology Till be able to extend 
the glimpse we have had of power effects on the airplane. 

Grateful ac’xnov/ledgraent is made to the staff of as si s tan 
in the wind tunnel, to . r. , L. Klein for his able design of our 
apparatus, to Dr. C. P. Aillikan for bis direction of our research 
schedule and valuable assistance with many knotty problems, and to 
the head of the Department of Aeronautics, Dr. Theodor von Kamar , 
for his inspiring interest and clarifying suggestions. 
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qj 


= -Trope Her j<°ter 

= dr.’ fore in ii recti on of nir velocity 
- partite dr ’ 

= dr •, 'or ^ar^r - off n rd - = 0 

* dn< - , fore* - * evor-or, ’ofined as ir text 

«= alrrUnr nt* -- factor’ 

* cnuiy-J f " r it? f.-r-rto* 

<= force dovelo »;d by o nrope Her normal to its axi° of rotation 
= altitude ' o ’f* soa-lcyol 
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pitc 1 inn moment of model about c.f. 

pitching moment of nropo-ler about intersection of its axis of 
rotation and ulane of the blades 

revolutions ner minute 

revolutions ner second 

power (normally brake horsepower) 

torque developed in propeller shaft 

torque coefficient ■ ’ » 

p V 2 !) 3 2ql)3 

ratio J to design J 

ratio K to design maximum N 

ratio V to design maximum V 
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thrust horsepower required 
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» air velocity 
- air velocity in si instream 
= weight of airplane 
= do encash velocity 

= an -lo of tt°e'' (measured from thrust sri^ p, this e\ vrin-mt ) 
» blade uncle of nropeller 
i" llcet.es "increment in” 

= total linear cflection 
= down rash angle 

m Y 

= propulsive efficiency = zt a = 0 

= nronulsivs efficiency at *3 oth rt r tl nn zero 
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side podge o:; a yahed propeller* 



aar = thrust on. n hla.de olement dr 
rhdr = torque on a hlade element dr 
X,Y,Z r forces on propeller 

X = thrust, Y = side force 

The relative wind striking the propeller has components U, v. 
In reneral v <X V, i.e. vre consider small angles of paw. 


* cf. E. 0. Harris "?-rces or. a Prencller Du c to Sideslip", R & V. V.n. '427; 
and E. Glauert "The Stahilit;,- Derivatives of an Airscrew", E & ],[ Hr. 6Hp. 
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At a riven instant let ^ define the position of a 
uropell«r blade. 2f in'icatos ou.nnn.tion over all (T l) rironeller 
blades . 
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oin 9 dr 


Consider the propeller ->ctin^ in a uurely axial velocity 


U and at a r -ivcn J = — ~ . ?} cn the eouilibriu-" conditions are: 

rJ) 

Y = Y 0 = 0, and X = Xq 

77c as’: for thr changed X,Y due to a side r;ind v. If v 
is snail , vre assume 
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x = x o ' If- v = x o " V 

d_Y_ 

d v 


Xov a and b are nroportional to the local (u = circumferential 
v :locity) and to a function of the local J = J', i.c. a,b u^f(j) 


rhere 


ji = _u_ _ vjj 

2nr u 


7.' rite a = ku^fCJ 1 ). Let S corres onl to an increment 
at a yiven blade olenont due to a change in co iditions at the clement. 
S a = 1 -xv- • f ( J 1 ) • f- ’ai^f 11 8 f 
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S a = 2 Am. (a - £' L* ) 

u 2 a 

S b = 2 il (b - J' 2 Jl) 

u 2 3 J* 

and u = 2 tt nr, 6 u = -v sin 0 • JL H - _ Z_§AlLJ§- 

u 2 irnr 
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Here ne have replaced the local J* - — U — 

2 rr nr 


by J = — I (or ±—) . 

2 tr nR nD 


This is justified by the following argument: 

J a f(r) __ U_ df 
a J nR 3 U_ 
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'I o»' co:,"ider a iveu olo.de clement, I.r*. r = const. Then v/e ret 

t; e variation in f by var in” — '■'e r,T i n ,- r co.iatnnt 

n 
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But cur partial derivative in means just thin, i.e. we consider the 
v ri'tioo in force on a -ive.u blade element an ‘h aorod^utanic con- 
ditions change. 
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^ is independent of r. 
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Here the into -ration and variation arc interchangeable since the eg- 
ressions are linear in a and b. 


s x = 2 


- v sin Q 
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Ho" 1 since A is independent of r \ic nay interchange its position 
vith that of the integral sips. Wo are interested only in the 
aver? re force wl ich means we must integrate over 6 from 0 — 2 T X 
and divide by 2 Tf . This v/ ill ^ive the average force per blade. 
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For the whole propeller we mast multiply' bp the number of blades ?. 
This rive 3 

S X = 0 

SY = - -52- | b — 

2 n J r 

Pie nee the thrust due to side-slip is zero for small siie-sli^s. 


In discucsin- tl.e interred in U) it i 
define a dimensionless torque loading factor ^ 


convenient to 



Now, 
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in the R & M’s (loc. 



cit) , 
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it is assumed that 


= universal constant independent of J, 


i.e. all torque qradinq crurves for all propellers are similar and have 
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a. shape indenendont of J 
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= torque coefficient 
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F is in the same direction as the side vector v. 

In R. & U, 642, it is assumed that 

Qc = A o^ a - A ) 
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t c = ^(l - A ) 

rhere ^ = /j ; J 0 T c = 0, i.e. J for zero thrust 
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The mrvrical values for a and k are those *iven i- the 
T. & l/.'o. ‘”e have alrcal r 'i sets sod the minor leal value 

of k. Co.nsi ler a 




Hence p. = 1 . corros >on'i 3 to the isr r. tion 

i^-4 = d.^)* -- i.i 

j(? =0) 

In Fi-. 26 are plotted triad r r * tic ^n>l cud ic an- 
•oroxlma.ti ons to C«p and Cq. It in seen tliat thorn approxi- 
mations nap bo determined so as to fit the oxocri natal 
points verp v/cll indeed. Hov/ever, we have hf-re 
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3 bladed nronellf’r ; 
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